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Spin transport efficiency in heterostructures depends on the spin conductances of each 
constituent and their interfaces. We report a comparative study of spin pumping in 
Y3Fe5O12/Cu/Pt and Y3Fe5O12/Cu/W trilayers. Surprisingly, the insertion of a Cu interlayer 
between Y3Fe5O12 and W substantially improves (over a factor of 4) the spin current injection 
into W while similar insertion between Y3Fe5O12 and Pt degrades the spin current. This is a 
consequence of a much improved Y3Fe5O12/Cu spin mixing conductance relative to that for 
Y3Fe5O12/W. This result implies the possibility of engineered heterostructures with matching spin 
conductances to enable optimal spin transport efficiency.  
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Conventional electronic devices operate via flow of electrical charges.  The decoupling of 
spin and charge currents in ferromagnetic resonance (FMR) driven spin pumping offer the 
potential to enable low energy cost, high efficiency spintronics with implications for both next 
generation computing [1, 2] and global energy consumption [3].  Spin pumping, driven thermally 
as well as by FMR, is being widely used to generate pure spin currents from ferromagnets (FM) 
into normal metals (NM) [4-18]. The efficiency of spin pumping is largely determined by the 
spin mixing conductance 𝑔↑↓ [4, 5] of the FM/NM interface. Typically, the NM is chosen to be a 
spin-sink—Pt, W or Ta with large inverse spin Hall effect (ISHE), while lighter metals such as 
Cu are rarely used. Various FM/NM or FM/NM1/NM2 structures have been extensively studied 
by both FMR spin pumping [6-16] and spin Seebeck measurements [17, 18]. Due to its low 
magnetic damping and insulating nature, Y3Fe5O12 (YIG) is very attractive for microwave 
applications and spin pumping [6, 7, 11-13, 15, 18-21]. It will be important to understand the 
spin transmissivity of multilayers in order to enable the use of intervening layers for optimizing 
spin transport properties. Cu interlayers were recently used to eliminate proximity induced 
ferromagnetism in YIG/Pt [18, 22-24]. A quantitative understanding of spin current generation 
and transport in YIG/Cu and YIG/Cu/NM heterostructures, especially the spin mixing or spin 
conductance at each interface, is still lacking.  
We use epitaxial YIG(20 nm) films grown on Gd3Ga5O12 (111) by off-axis sputtering; 
these enable mV-level ISHE voltages in YIG/Pt and YIG/W spin pumping measurements [11, 
12, 25]. Figure 1a shows an x-ray diffraction (XRD) scan of a YIG film with clear Laue 
oscillations and a rocking curve full-width-at-half-maximum (FWHM) of 0.0073 (inset to Fig. 
1a). Figures 1b-1d show atomic force microscopy (AFM) images of a 20-nm YIG film, a 
YIG/Cu(5 nm) and a YIG/Cu(20 nm) bilayer with a root-mean-square (rms) roughness of 0.15, 
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0.19 and 0.22 nm, respectively, indicating the smooth surfaces of the YIG films and the Cu 
layers.  
Our FMR (f = 9.65 GHz) spin pumping measurements are performed at room temperature 
on YIG(20 nm)/Cu(tCu)/Pt(5 nm) and YIG(20 nm)/Cu(tCu)/W(5 nm) trilayers where the Cu 
thickness tCu is varied from 0 to 20 nm. All metal layers are deposited by off-axis, ultrahigh 
vacuum sputtering [11, 12, 25]. Samples ~1 mm wide and ~5 mm long are placed in the center of 
an FMR cavity in a DC magnetic field (H) applied in the xz-plane, as shown in the schematic in 
Fig. 2a. At resonance the precessing YIG magnetization transfers angular momentum to the 
conduction electrons in Cu. Since tCu is much smaller than the spin diffusion length (SD), spin 
accumulation in the Cu spacer drives a spin current 𝐽s into the Pt or W layer. As a consequence 
of the ISHE, the spin current 𝐽s into the Pt or W is converted into a charge current, resulting in a 
voltage (VISHE) along the y-axis. Figures 2b and 2c show VISHE vs. H spectra for YIG/Pt and 
YIG/W bilayers at H = 90 and 270 (both in-plane fields) at rf input power Prf = 200 mW, 
which gives VISHE = 552 𝜇�V and -2.04 mV, respectively. The sign reversal for YIG/W reflects 
the opposite spin Hall angles of W and Pt. Figures 2d and 2e show the VISHE vs. H spectra for 
YIG/Cu(20 nm)/Pt and YIG/Cu(20 nm)/W trilayers. The peak values decrease to VISHE = 1.21 V 
and -16.3 V as compared to YIG/Pt and YIG/W with direct contact, respectively. 
To compare the effect of the Cu spacer on 𝐽s, the spin current detected in Pt or W in the 
two trilayer systems, we show in Figs. 2f and 2g the tCu dependence of 𝐽s normalized by 𝐽s(0), the 
spin current detected in the YIG/Pt and YIG/W bilayers without Cu interlayer.  Spin current 𝐽s 
can be calculated from [26, 27], 
𝐽s =
2𝑒
ℏ
𝑉ISHE
𝜃SH𝜆SDtanh�(
𝑡NM
2𝜆SD
)𝑤𝑅
 ,       (1) 
where tNM and 𝜃SH are the thickness and spin Hall angle of Pt or W, R and w the total resistance 
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and width of the trilayers, respectively.  The total resistance for the YIG/Pt bilayer sample is 
487.4 .  As the Cu interlayer is inserted between YIG and Pt with increasing thickness, the total 
resistance R decreases and reaches 7.7  at 20-nm Cu due to the shunting effect of Cu.  For the 
YIG/W bilayer, the resistance is 6045.6 , while it decreases to 9.3  for the YIG/Cu(20 nm)/W 
trilayer.  We note that the term 𝜃SH𝜆SDtanh�(
𝑡NM
2𝜆SD
) in Eq. (1) is cancelled in the normalized spin 
current 𝐽s/𝐽s(0).  Taking the variation of total resistance R and width w into account, we show in 
Figs. 2f and 2g that with the insertion of Cu, the normalized spin current 𝐽s/𝐽s (0) initially 
decreases dramatically at 𝑡Cu  5 nm, then increases and eventually reaches a plateau at 𝑡Cu  10 
nm. However, YIG/Cu/Pt and YIG/Cu/W show opposite plateau values of 𝐽s/𝐽s(0) : for 
YIG/Cu/Pt, 𝐽s is only about 20-25% of 𝐽s(0), while for YIG/Cu/W, 𝐽s is 4.5 times of 𝐽s(0). The 
initial decrease of 𝐽s at 𝑡Cu  5 nm may be related to the much higher resistivity of thin Cu layers 
due to finite size effect which could induce significant spin flipping [4, 5]. At 𝑡Cu  10 nm, the 
resistivity of Cu layers decreases significantly and spin accumulation in Cu occurs. A fraction of 
the accumulated spins in Cu diffuse back into YIG while the remainder is transmitted into the Pt 
or W, producing an ISHE signal. The ratio between these two fractions is determined by the 
interfacial spin mixing conductances 𝑔   /Cu
↑↓  and spin conductance 𝑔Cu Pt⁄  and 𝑔Cu W⁄ . 
To uncover the mechanism behind the different spin pumping behavior of the two 
trilayers systems, we need to determine the spin mixing conductances from the enhancement of 
Gilbert damping 𝛼  due to spin pumping. We obtain this by measuring the frequency 
dependencies of the FMR linewidth H using a broadband microstrip transmission line. In all 
cases the linewidth increases linearly with frequency from 10 to 20 GHz (Fig. 3) following [28], 
Δ𝐻 = Δ𝐻inh +
4𝜋𝛼𝑓
√3𝛾
,        (2) 
5 
 
where Hinh is the inhomogeneous broadening and  is the gyromagnetic ratio. We define the 
enhancement of Gilbert damping due to spin pumping, �𝛼sp =�𝛼   /Cu/NM − 𝛼    for trilayers 
and �𝛼sp =�𝛼   /NM − 𝛼    for bilayers. 
Figure 3a and Table I show that 𝛼sp  = (2.1  0.1)  10
-3 for YIG/Pt approximately 
doubles that for YIG/Cu(20 nm)/Pt, (1.1  0.1)  10-3, in agreement with the previous study on 
Py/Cu/Pt [14] and YIG/Cu/Pt multilayers [23]. However, the order is reversed for YIG/Cu/W: 
𝛼sp = (2.1  0.2)  10
-3 for YIG/Cu(20 nm)/W is more than 3 times larger than the value of (6.3 
 0.6)  10-4 for YIG/W (Fig. 3b). Cavity FMR measurements also confirm this trend as shown 
in Figs. 3d and 3e. The linewidth change for YIG/Cu(20 nm)/Pt compared to the bare YIG is 6.0 
Oe which is smaller than the value of 12.6 Oe for YIG/Pt. However, for YIG/Cu(20 nm)/W 
trilayer, the linewidth change is 13.1 Oe which is larger than the value of 6.4 Oe for YIG/W. This 
implies significant difference at the interfaces in YIG/Cu/Pt and YIG/Cu/W compared to YIG/Pt 
and YIG/W. In order to understand this behavior, we need to determine the spin mixing 
conductances of 𝑔   /Cu
↑↓ , 𝑔   /Pt
↑↓  and 𝑔   /W
↑↓ , and the spin conductances of 𝑔Cu Pt⁄  and 𝑔Cu W⁄ . 
Tserkovnyak et al. provide a theory for quantitative analysis of interfacial spin mixing 
conductance [4, 5] for metallic FM/NM bilayers or trilayers where the real part of 𝑔↑↓  is 
dominant. For YIG/NM interfaces, it has been reported recently that the imaginary part of 𝑔↑↓ is 
also negligibly small [29, 30]. Thus, this theory is applicable for YIG/NM systems as well. The 
spin pumping induced Gilbert damping enhancement can be expressed as [4, 5, 7, 31-33], 
𝛼sp =
𝑔𝜇B
4𝜋𝑀s𝑡YIG
𝑔eff
↑↓ ,        (3) 
where 𝑔eff
↑↓  is the effective spin mixing conductance at the YIG/NM interfaces which includes the 
spin current backflow driven by spin accumulation, 𝑔, 𝜇 , Ms (4Ms = 1794 Oe [11]) and tYIG are 
6 
 
the Landé 𝑔 factor, Bohr magneton, saturation magnetization and thickness of the YIG layer, 
respectively. Rapid spin flips relax the injected spin very quickly in good spin sink materials 
such as Pt and W, preventing any backflow that results from spin accumulation, thus 𝑔eff
↑↓ �≈ �𝑔↑↓. 
However, in NMs with slower relaxation, such as Cu [4, 5],  
𝑔eff
↑↓ �= 𝑔   /NM
↑↓ [1 + 𝑔   /NM
↑↓ 1
4√
𝜖
3
tanh�(
𝑡NM
𝜆SD
)𝑔NM
Sh
]−1,    (4) 
where 𝑔   /NM
↑↓ , 𝑔NM
Sh , and 𝜖  are the “intrinsic” spin mixing conductance of the YIG/NM 
interface, Sharvin conductance of the NM, and the spin-flip probability of the NM [4, 5].  
The spin accumulation in Cu leads to backflow into the YIG so 𝑔eff
↑↓  is much smaller than 
𝑔   /Cu
↑↓  depending on tNM and 𝜖. For YIG/Cu/NM trilayers where the NM is a spin sink, in the 
limit of vanishing spin flip in Cu [31, 32], the effective spin mixing conductance 𝑔eff,trilayer
↑↓  of 
the trilayer is simply the serial contributions of the two interfaces and the spin resistance of Cu, 
1
𝑔   ,        
↑↓ ���
=
1
𝑔YIG/  
↑↓ ��
+  Cu +
1
𝑔  /NM��
,     (5) 
Where the spin resistance  Cu =
2𝑒2𝑡  
  
 (  is the electrical conductivity) [4, 5]. Using measured 
resistivity of 4.0  10-8  m for 20-nm Cu, we obtain  Cu  = 6.2  10
-20 m2. In order to 
quantitatively determine the intrinsic 𝑔   /Cu
↑↓ , we grow a 2-m (>> 𝜆SD) Cu layer on YIG to 
reduce the backflow of spin current. Figure 3c shows the Gilbert damping enhancement of two 
YIG/Cu bilayers compared to a bare YIG film. The values of 𝛼sp  for YIG/Cu(10 nm) and 
YIG/Cu(2 m) are (1.1  0.1)  10-4 and (18  1)  10-4, respectively, clearly indicating 
significant backflow of spin current driven by spin accumulation when tCu << 𝜆SD . This is 
confirmed by FMR measurement shown in Fig. 3f, where the linewidth change for YIG/Cu(2 
m) is 8.7 Oe, much larger than the 1.2 Oe for YIG/Cu(10 nm). From the value of 𝛼sp, we obtain 
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𝑔eff
↑↓  = (3.4  0.3)  1018 m-2 for the YIG/Cu(2 m) bilayer. From Eqs. (2)-(4) and using 𝜖 = 1/68 
and 𝜆SD = 245 nm for Cu [31], we calculate the intrinsic 𝑔   /Cu
↑↓ � = (1.8  0.2)  1019 m-2 for the 
YIG/Cu(2 m) bilayer. As demonstrated in ref. 31, the 𝑔eff,trilayer
↑↓ � of the YIG/Cu(20 nm)/Pt and 
YIG/Cu(20 nm)/W trilayers can be obtained from the damping enhancement using Eq. (3) by 
replacing 𝑔eff
↑↓ � with 𝑔eff,trilayer
↑↓ �, from which we calculate the spin conductance 𝑔Cu Pt⁄  �= (2.8  
0.4)  1018 m-2 which is smaller than 𝑔   /Pt
↑↓ � = (3.9  0.3)  1018 m-2, and 𝑔Cu W⁄  = (7.6  0.9)  
1018 m-2 which is much larger than 𝑔   /W
↑↓
 = (1.2  0.1)  10
18 m-2.  
Using the spin mixing conductances and spin conductance calculated above for each 
interface in the YIG/Cu/Pt and YIG/Cu/W trilayers, we can understand the opposite behavior of 
spin currents shown in Figs. 2f and 2g. Figure 4 schematically shows the series circuits of spin 
current flow from YIG  Pt (or W) and from YIG  Cu  Pt (or W). Here, we use spin mixing 
resistance     /NM
↑↓  = 1/𝑔   /NM
↑↓  to represent each YIG/NM interface and spin resistance  Cu/NM 
= 1/𝑔Cu/NM for each Cu/NM interface (Table I). For the YIG/Cu(20 nm)/Pt trilayer, the total spin 
resistance     /Cu/Pt
↑↓  =     /Cu
↑↓  +  Cu+  Cu Pt⁄  = (0.56 + 0.62 + 3.6)  10
-19 m2 = 4.8  10-19 m2, 
larger than     /Pt
↑↓  = 2.6  10-19 m2 for YIG/Pt. As a result, the spin current at tCu  10 nm is 
smaller (20-25%) than Js(0) for YIG/Pt (Fig. 2f). One notes that, relative to the YIG/Cu interface, 
the Cu/Pt interface is the dominant barrier to spin transport in the trilayer. For YIG/Cu(20 
nm)/W, the total spin resistance     /Cu/W
↑↓  =     /Cu
↑↓  +  Cu +  Cu W⁄  = (0.56 + 0.62 + 1.3)  10
-19 
m2 = 2.5  10-19 m2, smaller than     /W
↑↓  = 8.3  10-19 m2 for YIG/W (Fig. 4b). This is why the 
spin current plateau for YIG/Cu/W is ~4.5 times larger than Js(0) for YIG/W as shown in Fig. 2g.  
In summary, we systematically studied FMR spin pumping in YIG/Cu/Pt and YIG/Cu/W 
trilayers as well as YIG/Cu bilayers. Significant enhancement of spin currents is observed in 
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YIG/Cu/W trilayers as compared to YIG/W bilayers with direct contact.  From the spin pumping 
enhancement of Gilbert damping, we determined the spin mixing conductances of YIG/Pt, 
YIG/W, YIG/Cu interfaces, and spin conductances of Cu/Pt and Cu/W interfaces. These values 
explain the suppression of spin currents pumped into Pt in YIG/Cu/Pt trilayers and the 
enhancement of spin currents in YIG/Cu/W trilayers. This discovery potentially paves a path 
toward significant improvement of spin pumping efficiency by engineering multilayers with 
optimized spin conductance matching of the interfaces, a powerful capability for future spin-
functional devices.  
This work is supported by the Center for Emergent Materials at the Ohio State University, 
a NSF Materials Research Science and Engineering Center (DMR-0820414) (HLW and FYY) 
and by the Department of Energy through grant DE-FG02-03ER46054 (PCH). Partial support is 
provided by Lake Shore Cryogenics Inc. (CHD) and the NanoSystems Laboratory at the Ohio 
State University.   
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Table I. Spin pumping parameters of bilayers and trilayers in this study: spin pumping enhanced 
damping sp =    /NM −     or sp =    /Cu/NM −    , effective spin mixing conductance 
𝑔eff
↑↓  or 𝑔eff,trilayer
↑↓ , spin mixing conductance 𝑔   /NM
↑↓  at YIG/NM interfaces, spin conductance 
𝑔Cu/NM at Cu/NM interfaces, spin mixing resistance     /NM
↑↓  = 1/𝑔   /NM
↑↓  at YIG/NM interfaces, 
spin resistance  Cu/NM  = 1/𝑔Cu/NM  at Cu/NM interfaces, and total spin mixing resistance 
 trilayer
↑↓  = 1/𝑔eff,trilayer
↑↓  for the trilayers.  
Structure sp 𝑔eff
↑↓   
(m-2) 
𝑔eff,trilayer
↑↓  
(m-2) 
𝑔   /NM
↑↓  
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Figure Captions: 
Figure 1.  (a) θ-2θ XRD scan of a 20-nm thick YIG film on GGG (111), which exhibits clear 
Laue oscillations. Inset: rocking curve of the first satellite peak on the left of YIG (444) peak 
with FWHM of 0.0073. AFM images of (b) a 20-nm bare YIG film (c) a YIG/Cu(5 nm) bilayer 
and (d) a YIG/Cu(20 nm) bilayers over an area of 10 m  10 m with an rms roughness of 0.15, 
0.19 and 0.22 nm, respectively. 
Figure 2.  (a) Schematic of experimental geometry for ISHE voltage measurements and VISHE vs. 
H - Hres spectra of (b) a YIG/Pt bilayer, (c) a YIG/W bilayer, (d) a YIG/Cu(20 nm)/Pt trilayer 
and (e) a YIG/Cu(20 nm)/W trilayer at θH = 90 and 270 (in-plane fields). The thicknesses of all 
YIG, Pt and W layers are 20, 5 and 5 nm, respectively. Spin current Js in (f) YIG/Cu/Pt and (g) 
YIG/Cu/W trilayers normalized to Js(0) in YIG/Pt and YIG/W bilayers, respectively, as a 
function of the Cu thickness.  
Figure 3.  Frequency dependencies of FMR linewidths of (a) YIG/Cu/Pt, (b) YIG/Cu/W and (c) 
YIG/Cu series with corresponding FMR derivative absorption spectra at f = 9.65 GHz shown in 
(d), (e) and (f).  
Figure 4.  Schematic comparison of spin mixing resistance or spin resistance of (a) YIG/Pt (red), 
YIG/Cu (brown) and Cu/Pt (green) interfaces, and (b) YIG/W (blue), YIG/Cu (brown) and Cu/W 
(purple) interfaces. The calculated values of spin mixing conductances explain the opposite 
behavior in Figs. 2f and 2g: the insertion of a Cu layer suppresses the magnitude of spin current 
from YIG to Pt, but enhances the spin current generation from YIG to W. 
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